Visual adaptation is thought to occur partly at retinal synapses that are subject to plastic changes. However, the locus and properties of this plasticity are not well known. Here, we studied short-term plasticity at the reciprocal synapse between bipolar cell terminals and amacrine cells in goldfish retinal slices. Depolarization of a single bipolar cell terminal for 100 ms triggers the release of glutamate onto amacrine cell processes, which in turn leads to GABAergic feedback from amacrine cells onto the same terminal. We find that this release of GABA undergoes paired-pulse depression (PPD) that recovers in Ͻ1 min (single exponential time constant, Х 12 s). This disynaptic PPD is independent of mGluR-mediated plasticity and depletion of glutamatergic synaptic vesicle pools, because exocytosis assayed via capacitance jumps (⌬C m ) recovered completely after 10 s ( Х 2 s). Fast application of GABA (10 mM) onto outside-out patches excised from bipolar cell terminals showed that the recovery of GABA A receptors from desensitization depends on the duration of the application [fast recovery (Ͻ2 s) for short applications; slow ( Х 12 s) for prolonged applications]. We thus blocked GABA A receptors and retested the GABAergic response mediated by nondesensitizing GABA C receptors to two rapid glutamate puffs onto the bipolar cell terminal. These responses consistently displayed PPD. Furthermore, blocking AMPA-receptor desensitization with cyclothiazide, or evoking GABA release with NMDA receptors, did not reduce PPD. We thus suggest that depletion of synaptic vesicle pools in GABAergic amacrine cells is a major contributor to PPD.
Introduction
Signals from photoreceptors are passed onto retinal ganglion cell dendrites via excitatory synapses formed by intervening bipolar cells (Slaughter and Miller, 1983; Wässle, 2004) . However, before these signals are passed onto ganglion cells they are often processed in local microcircuits formed between bipolar cell terminals and amacrine cells in the inner plexiform layer (IPL) of the vertebrate retina. These IPL microcircuits can form complex nested feedback loops involving reciprocal and serial inhibitory synapses (Zhang et al., 1997; Marc and Liu, 2000) , and they probably play a crucial role in several aspects of vision, including adaptation to changes in visual scene contrast and ambient light level.
Some bipolar and amacrine cell synaptic output is capable of undergoing both fast (Ͻ2 s) and slow (10 s timescale; recovery over 5-20 s) contrast adaptation (Kim and Rieke, 2001; Baccus and Meister, 2002) , and the slow form of contrast adaptation on the inputs to ganglion cells likely results from short-term synaptic depression at bipolar cell terminals caused by vesicle pool depletion (Manookin and Demb, 2006; Singer and Diamond, 2006) . More recently, Hosoya et al. (2005) found that responses to a fixed orientation of lines diminishes with a time course of ϳ10 s, whereas a response to a perpendicular set of lines remains undiminished. They thus suggested that the retina adjusts its visual information processing dynamically to changes in visual statistics, and they attributed this ability to plastic synapses made by amacrine cells. However, how these plastic changes occur at the synaptic level and the properties of the underlying mechanism is mostly unknown.
The basic architecture of reciprocal synapses between bipolar cell terminals and amacrine cells is well preserved from fish to mammals (Dowling and Boycott, 1966; Witkovsky and Dowling, 1969; Masland, 2001) . Namely, depolarization of the bipolar cell terminal releases glutamate onto amacrine cells, which then triggers the release of GABA back onto the same bipolar cell terminal (Dong and Werblin, 1998; Protti and Llano, 1998; Hartveit, 1999; Singer and Diamond, 2003; Chavez et al., 2006) . Previously, we found a form of long-term plasticity at this disynaptic contact whereby prolonged glutamate release from bipolar cell terminals could activate mGluR1 on amacrine cells, which leads to enhanced GABA release for several minutes .
Here, we set out to investigate short-term plasticity at this reciprocal synapse. Patch-clamp recordings were made directly from single axotomized Mb-type bipolar cell terminals in goldfish retinal slices (Palmer et al., 2003b) . We found that the reciprocal feedback response was depressed for up to 1 min after a 100 ms prepulse stimulus. We aimed to dissect the underlying synaptic mechanisms that contribute to this paired-pulse depression (PPD) of evoked GABA release. Is bipolar cell vesicle pool depletion, or GABA A or AMPA receptor desensitization necessary for generating PPD? We thus studied the recovery of exocytosis from the bipolar cell terminal with membrane capacitance (C m ) measurements (Heidelberger et al., 2005) , the recovery from desensitization of GABA A receptors on bipolar cell terminals, and the effects on PPD of blocking AMPA-receptor desensitization.
Materials and Methods
Retinal slice preparation. Retinal slices (ϳ250 m in thickness) were prepared from goldfish (Carassius auratus; 8ϳ14 cm) according to the procedures described previously (Palmer et al., 2003b) . Slices were cut freshly from one piece of retina (3ϳ5 mm square) and transferred to a recording chamber. The recording chamber, together with slices, was moved to an upright microscope (Axioskop 2; Zeiss, Oberkochen, Germany) where slices were perfused continuously (2-3 ml/min) with Ringer's solution and viewed with infrared differential interference contrast optics through a 40ϫ water-immersion objective coupled with a 1.6 premagnification and a CCD camera (C79; Hamamatsu, Tokyo, Japan). Bipolar cell terminals were identified by their size (ϳ10 m diameter), shape, and position in the slice, as well as by a depolarization evoked L-type Ca 2ϩ current and capacitance jump (⌬C m ) response. Electrophysiology. For whole-cell recordings, the Ringer's solution contained (in mM) 100 NaCl, 2.5 KCl, 1.0 MgCl 2 , 2.5 CaCl 2 , 25 NaHCO 3 , and 12 glucose, pH 7.45 (set with NaOH), bubbled continuously with 95% O 2 and 5% CO 2 . For outside-out patch recordings the Ringer's solution contained (in mM) 120 NaCl, 2.5 KCl, 1.0 MgCl 2 , 2.5 CaCl 2 , 10 HEPES, and 12 glucose, pH 7.45 (set with NaOH).
Patch pipettes were pulled from thick-walled borosilicate glass (World Precision Instruments, Sarasota, FL) using a Narishige (Tokyo, Japan) puller (model PP-830). They had a resistance of ϳ10 M⍀ when filled with an internal solution containing (in mM) 104 Cs-gluconate, 25 HEPES, 1 tetraethylammonium (TEA)-Cl, 10 CH 3 NH 2 Cl (methylamine), 3 Mg-ATP, 0.5 Na-GTP, and 0.5 EGTA, adjusted to pH 7.2 with CsOH, and a resistance of ϳ7 M⍀ when filled with a internal solution containing (in mM) 105 CsCl, 25 HEPES, 10 TEA-Cl, 3 Mg-ATP, 0.5 Na-GTP, and 0.5 EGTA, adjusted to pH 7.2 with CsOH. For capacitance measurement, pipettes were coated with dental wax (Cavex, West Chester, PA) to reduce pipette capacitance and electrical noise.
Whole-cell voltage-clamp recordings were made by means of an EPC-9/2 (HEKA Elektronik, Lambrecht/Pfalz, Germany) patch-clamp amplifier and Pulse software (HEKA Elektronik). Cells were held at Ϫ60 mV and the current signal was low-pass filtered at 2 kHz and sampled at 20 kHz. Capacitance measurements were performed using the "sineϩDC" method with the Lockin extension in Pulse software, and using a 1 kHz sinusoidal voltage command (30 mV peak to peak) added to the holding potential. The resulting current was analyzed at two orthogonal phase angles (Gillis, 2000) .
Drugs were bath applied into the perfusing Ringer's solution. NBQX, CNQX, 6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid (SR95531), and AP-5 were obtained from Tocris (Bristol, UK). All other chemicals, toxins, and salts were obtained from Sigma (St. Louis, MO). Off-line analysis of the data were performed with Igor Pro 5.0 software (WaveMetrics, Lake Oswego, OR).
Outside-out patches and fast application. Outside-out patches were obtained from axotomized bipolar cell terminals by slowly lifting the recording pipette after break-in to obtain an excised patch of membrane (Hull et al., 2006) . GABA was applied to patches using a borosilicate, two-barreled theta glass pipette (outer diameter, 1.5 mm; inner diameter, 1.0 mm; septum, 0.2 mm; Warner Instruments, Hamden, CT) pulled to a tip diameter of ϳ200 M. For rapid translation, the theta glass pipette was attached to a piezo bending actuator (Piezo Systems, Cambridge, MA) driven by a 10 V command voltage from the amplifier. An adjustable resistor (1ϳ10 M⍀) was placed in series with the piezo actuator, and it works with the capacitor in the piezo actuator as a filter to slow down the charging process so that the movement of the piezo actuator is smooth. The time required for exchanging solutions, estimated by the open-tip recording resulting from a junction potential between normal Ringer's solution and 10% diluted Ringer's solution, was Ͻ1 ms. Patch currents were recorded with a high-chloride internal solution at a holding potential of Ϫ60 mV. No voltage dependence was observed for the kinetics of GABA currents in the range of Ϫ60 to ϩ60 mV and currents reversed at the Nernst Cl Ϫ potential E Cl (data not shown).
Results

PPD at reciprocal retinal synapses
ON-type Mb bipolar cell terminals were identified in the IPL of goldfish retinal slices, and whole-cell voltage-clamp recordings were directly made from these terminals (Palmer et al., 2003b) . Time-resolved membrane capacitance (C m ) measurements were used to monitor exocytosis and glutamate release (Neher and Marty, 1982; von Gersdorff et al., 1998) . To isolate the reciprocal feedback from amacrine cells, 10 mM methylamine was included in the pipette solution to minimize the reduction of calcium current (I Ca ) by protons released together with glutamate (Palmer et al., 2003a; . Reciprocal feedback from amacrine cells was evoked by depolarizing bipolar cell terminals from a holding potential of Ϫ60 to 0 mV for 100 ms. Before and after the depolarization, a 100 ms sinusoidal wave (1 kHz, 30 mV peak to peak) was added to the holding potential ( Fig. 1 A) , and the resulting current responses were used to calculate C m (Gillis, 2000) . A representative current response, and the corresponding C m trace, are shown in Figure  1 A. With a Cs ϩ -based pipette solution, the current response to depolarization contained an inward calcium current (I Ca ) that triggered an increase of C m (⌬C m ). This indicates that synaptic vesicles containing glutamate were exocytosed in response to the depolarization. The released glutamate activated AMPA and NMDA receptors on amacrine cells, triggering GABA release onto the bipolar cell terminal . Therefore, superimposed on I Ca , an evoked reciprocal IPSC was present, and it was mediated by both GABA A and GABA C receptors on the bipolar cell terminal .
The reciprocally evoked IPSCs displayed considerable variability from trial to trial and among different terminal recordings (Hull and von Gersdorff, 2004; . To study their average properties and isolate them from I Ca , we first recorded the pure I Ca in 100 M picrotoxin (a blocker of both GABA A and GABA C receptors). There was no significant rundown of I Ca within 2 min of recording time (supplemental Fig.  1 A, B , available at www.jneurosci.org as supplemental material) and the peak amplitude of I Ca ranged from 200 to 600 pA among different terminals (n ϭ 29). However, after normalizing to the peak I Ca amplitude and averaging these scaled pure I Ca traces, the average waveform of I Ca was very similar to individual traces of I Ca (n ϭ 29) (supplemental Fig. 1C , available at www.jneurosci. org as supplemental material, Fig. 1 B, blue trace). We thus subtracted this averaged I Ca waveform from each individual current response with IPSCs superimposed. We took the resulting trace ( Fig. 1 B, inset) as the isolated GABAergic reciprocal feedback response (RFR), and we used the area of the RFR trace (i.e., the total chloride charge transfer Q Cl ) to quantify the amount of GABAergic feedback (Fig. 2C) . The capacitive transient artifacts were omitted for clarity and display purposes.
In the previous study , we found that the reciprocally evoked IPSCs are potentiated after one or two stimuli. This potentiation could last up to 10 min, and can be blocked by the mGluR1 antagonist (S)-(ϩ)-␣-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385) (Bruno et al., 1999) . In the present study, we confirmed this finding by using a paired-pulse protocol of depolarizing stimuli. For two 100 ms pulses with Ͼ1 min apart, RFR was potentiated. However, RFR was depressed for paired-pulses with an interval of Ͻ1 min (Fig. 1C) , suggesting the existence of a form of short-term depression. Because a strong potentiation can occur for interpulse times Ͼ1 min, the short-term depression is probably not caused by rundown of GABAergic reciprocal feedback. Similar results were obtained from eight control Mb terminals (namely, potentiation for interpulse times Ͼ1 min and depression for interpulse times Ͻ1 min). In the presence of 100 M LY367385, the potentiation of RFR was blocked, whereas the depression remained unaffected (Fig.  1 D) (n ϭ 6). Together, these results suggested that the reciprocal synapse underwent PPD at short interpulse time ranges, and that this PPD was independent to mGluR1-mediated long-term potentiation. Nevertheless, in the following experiments, in which we investigated the recovery of RFR, we included 100 M LY367385 in the Ringer's solution. We next studied the underlying mechanisms of the PPD at this reciprocal synapse.
PPD and glutamatergic vesicle-pool depletion
After a single 100 ms prepulse stimulus, the availability of synaptic vesicles that are ready for release may become lower. This vesicle pool depletion is usually thought to be the major cause of PPD at many CNS synapses (Regehr and Stevens, 2001) . Could reduced availability of primed synaptic vesicles containing glutamate underlie the PPD of the reciprocal synapse? To address this possibility, we applied a paired-pulse stimuli with variable interpulse intervals and built recovery curves for RFR and for ⌬C m .
At 1 s after a 100 ms prepulse, the RFR of the second pulse was depressed, and the ⌬C m of the second pulse was also reduced compared with that in the prepulse (Fig.  2 A) . At 10 s after a 100 ms prepulse, RFR was still depressed whereas ⌬C m had recovered completely (Fig. 2 B) . However, both RFR and ⌬C m recovered completely after a 1 min interpulse interval (Fig. 2C ). The recovery curves are shown in Figure  2 D. Both can be fitted with a single exponential equation with a time constant () of 12.19 and 2.02 s, respectively. These data were all obtained in the presence of 100 M LY367385. Without LY367385 at 10 s, the percentage of PPD was slightly smaller when compared with that in 100 M LY367385, but this difference was not statistically significant (Fig. 2C , red point) (t test, p ϭ 0.276). ) indicates that exocytosis and glutamate release occurred in response to the depolarizing pulse. The current response to the step depolarization consisted of a Ca 2ϩ current (I Ca ) and a superimposed evoked reciprocal feedback IPSC. B, To isolate the RFR, the current response from A was leak-subtracted (black trace). The blue trace is the scaled pure I Ca waveform (averaged from 29 recordings in 100 M picrotoxin, scaled to the peak of I Ca in A). The subtracted trace (shown in the inset, in red) represents the isolated RFR, and the area between the black and blue traces was used to quantify RFR (Fig. 2C) . C, RFR in response to paired-pulse stimuli, was depressed at 10 s (blue) and potentiated at 78 s (red) when compared with that evoked by the prepulse (black). D, In the presence of 100 M LY367385 (mGluR1 blocker), paired-pulse depression of RFR remained unaffected at 10 s (blue), whereas the potentiation of RFR was blocked at times Ͼ1 min. PPD and glutamate vesicle pool depletion. A, For RFRs evoked by paired-pulse stimuli with an interpulse interval of 1 s, RFR was depressed and ⌬C m has not fully recovered. B, For paired-pulse stimuli with an interval of 10 s, RFR was depressed, but ⌬C m has fully recovered. C, For a paired-pulse stimulus with an interval of 1 min, both RFR and ⌬C m recovered fully. D, Recovery time courses of both RFR and ⌬C m (both normalized to the prepulse values) were constructed. Both were fitted well with a single exponential equation, with a time constant () of 12.19 and 2.02 s, respectively. All data for RFR recovery were obtained in the presence of 100 M LY367385; recordings obtained Ͼ2 min after break-in were not included to minimize the slowing down of vesicle cycling caused by washout of exocytosis-related proteins. The red data point shows that at 10 s the percentage of PPD without LY367385 is slightly larger than that with LY367385 (but this difference is not statistically significant). Error bars indicate SE.
We note also that the time constant () for ⌬C m recovery could be underestimated here because ⌬C m recovery slowed down gradually after break-in. For instance, ⌬C m recovered completely at 10 s immediately after break-in (99.6 Ϯ 2.6%; n ϭ 8). But 1 min after break-in, it recovered only to 72.6 Ϯ 3.5% (n ϭ 7) at a 10 s interpulse interval, indicating that the cycling of synaptic vesicles was slowed down because of the dilution or washout of soluble factors in the cytoplasm that are important for exocytosis (Hull and von Gersdorff, 2004) . To minimize this effect, all data concerning ⌬C m and RFR in the present study were obtained within 2 min after break-in.
Recovery from desensitization of GABA A receptors
We had shown that both desensitizing GABA A and nondesensitizing GABA C receptors are involved in the reciprocal feedback response . Receptor desensitization is a mechanism that contributes to PPD at many synapses (Regehr and Stevens, 2001 ). To address this possibility, we directly measured the time course of GABA A recovery from desensitization in outside-out patches excised from bipolar cell terminals.
After exocytosis, it is estimated that neurotransmitters reach a very high peak concentration in the synaptic cleft, which may transiently saturate the postsynaptic receptors at CNS synapses (Clements, 1996) . Therefore, to simulate conditions in the synaptic cleft, we applied 10 mM GABA to outside-out patches via a piezo-driven fast application system (Hull et al., 2006) . As shown in Figure 3A , the current responses contained a nondesensitizing GABA C component, and a fully desensitizing GABA A component, which can be blocked by bicuculline (data not shown). We were unable to dissect the GABA A component pharmacologically, because low concentrations of the GABA C receptor blocker (1,2,5,6,-tetrahydropyridin-4-yl)methylphosphinic acid (TPMPA) cannot block the GABA C current induced by high concentration of GABA. However, high concentrations of TPMPA start to block GABA A receptors. Therefore, we took the desensitizing part of the current response (i.e., that fast decaying component) as the GABA A component, because the GABA C component does not desensitize (Hull et al., 2006) .
Our first objective was to determine the kinetics of recovery of GABA A receptors from desensitization after these receptors were fully desensitized. To answer this question, we preapplied GABA for 5 s (Fig. 3A, black bar) to fully desensitize the GABA A receptors (Hull et al., 2006) . We then waited for increasing lengths of time, and reapplied GABA for 2 s (as indicated by gray arrows) to induce a second current response. As shown in Figure 3A , the longer we waited, the more the peak of the second current response recovered. The recovery time course was fit very well with a single exponential function (time constant, ϭ 11.9 s) (Fig.  3B ). It took almost 1 min for GABA A receptors to completely recover from full desensitization.
Second, we determined whether the recovery kinetics varied when shorter GABA applications were used so as to better simulate the synaptic conditions of our paired-pulse stimuli of 100 ms (Figs. 1, 2) . Therefore, we applied GABA for 100 ms as a preapplication, and the second GABA application for 100 ms was delivered after 10 s. The GABA A response to the second GABA application was now 81.3 Ϯ 2.4% (n ϭ 6) of that induced by the first prepulse (Fig. 3C) . We then did similar experiments with very short prepulse applications of GABA (5 ms). Under these conditions, the GABA A response recovered very quickly, and complete recovery took only 1ϳ2 s (Fig. 3D) (n ϭ 5) . The recovery kinetics thus vary strongly with the duration of the saturating GABA application. However, it is highly unlikely that GABA released from amacrine cells in the synaptic cleft will have a concentration as high as 10 mM for 100 ms. These results thus suggest that GABA A receptor desensitization is an unlikely mechanism to mediate PPD of the reciprocal feedback response at 10 s, because PPD is ϳ0.4 at 10 s (Fig. 2 D) whereas GABA A receptors already recover 81.3% at 10 s for a 100 ms GABA application (Fig. 3C) .
Despite the above argument, we emphasize that for the paired-pulse stimuli we used to induce RFR the GABA concentration in the synaptic cleft will vary quickly and stochastically, as exemplified by the IPSCs shown in Figures 1 and 2 . Thus, we cannot mimic in a realistic manner the synaptic GABA release during RFR with our fast and constant application system. Therefore, we cannot rule out completely that desensitization of GABA A receptors on the bipolar cell terminal is capable of contributing to the PPD observed at the reciprocal synapse.
GABA A desensitization may not contribute to PPD As we mentioned above, the cycling of glutamate containing synaptic vesicles in bipolar cell terminals slows down gradually after whole-cell break-in. This wash-out effect complicates studies of the mechanisms of PPD. To overcome this obstacle, we by-passed Figure 3 . The recovery of GABA A receptors from desensitization depends on the duration of GABA application. GABA (10 mM) was applied to outside-out patches excised from Mb-type bipolar cell terminals after a whole-cell recording. The current responses consisted of a nondesensitizing GABA C component, and a fully desensitizing GABA A component (Hull et al., 2006 ) A, A preapplication of GABA for 5 s (as indicated by the black bar) was used to fully desensitize GABA A receptors, and then GABA (10 mM) was applied for 2 s (as indicated by gray arrows) to induce current after a variable interpulse interval. The longer the interval, the more the peak of the current response recovered. B, The recovery time course of peak current from A was constructed and fitted with a single exponential equation ( ϭ 11.9 s; gray trace). C, In this example, for a 100 ms GABA preapplication, GABA A current recovered 73.6% at 10 s (gray trace; the arrow indicates the peak of the red trace) of the preapplication control (black). D, For 5 ms GABA preapplications, the peak of the current response recovered completely within 2 s. Error bars indicate SE.
the need to first depolarize the bipolar cell terminal by directly puffing glutamate onto the bipolar cell terminal and its closely attached amacrine cell boutons. This glutamate puff will activate AMPA and NMDA receptors on the amacrine cells and thus evoke a GABAergic feedback response on bipolar cell terminals. Note, however, that not all of the boutons on the bipolar cell terminals will be engaged in the reciprocal response (it is estimated that in the goldfish, Mb bipolar cell terminals are completely surrounded by ϳ350 GABAergic boutons and 60% of these contain reciprocal synapses) (Marc and Liu, 2000) .
With a CsCl-based internal pipette solution, the current response to a 2 mM glutamate puff was an inward current. Most of the current was mediated by picrotoxin-sensitive GABA receptors and a small portion was mediated by glutamate transporters on the bipolar cell terminal (Palmer et al., 2003b) (Fig. 4C) . For the paired puff with an interval of 10 s, the response to the second test puff was smaller than that to the first prepuff (Fig. 4 A) . This result further confirmed that PPD was not caused by reduced glutamate release, because it occurs even with two identical glutamate puffs. The strength of the paired-puff depression was dependent on the glutamate concentration and puffer pipette location (data not shown). We used a puffer pipette with a small tip (ϳ1 m) and localized ϳ3-5 m from the bipolar cell terminal in an attempt to depolarize only the amacrine cell boutons on that particular bipolar cell terminal.
In the presence of the GABA A blocker SR95531 (50 M), the current response to the glutamate puff, which was mediated by nondesensitizing GABA C receptors, became larger than that without SR95531, and the amount of depression was also larger (Fig. 4 B) . The probable explanation is that GABAergic amacrine cells are disinhibited in the presence of SR95531 (Zhang et al., 1997; Watanabe et al., 2000; . These disinhibited amacrine cells will release more GABA containing synaptic vesicles in response to the same amount of glutamate, and this may lead to a more rapid vesicle pool depletion and less available GABAergic vesicles. This then leads to a stronger paired-puff depression (Fig.  4 A, B) . The averaged data from these experiments is shown in Figure 4 D (n ϭ 6) . Furthermore, PPD of RFR at 10 s remained with 50 M SR95531 (Fig. 4 E) . Thus, PPD is still present even when it is mediated solely by nondesensitizing GABA C receptors. All of these results suggested that GABA A desensitization is not necessary for paired-pulse depression to occur. Furthermore, these results suggest that the slow replenishment rate of depleted GABAergic synaptic vesicle pools is the major mechanism that contributes to PPD at 10 s.
PPD remains with either AMPA or NMDA receptor blockade
Glutamate release from bipolar cell terminals activates both AMPA and NMDA receptors on amacrine cells . The feedback response consists of an AMPA-mediated fast and transient portion, and an NMDAmediated slow and sustained portion. Retinal AMPA receptors are known to desensitize in the presence of glutamate (Lukasiewicz et al., 1995) . Can PPD at the reciprocal synapse be attributed specifically to the distinct properties of AMPA or NMDA receptors on amacrine cells? To answer this question, we applied paired-pulse stimuli with an interval of 10 s to cells in the presence of AMPA and NMDA receptor antagonists CNQX (25 M) and AP-5 (50 M), respectively.
With 50 M AP-5 in the external solution, the RPR was more transient. However, PPD was still present (Fig. 5A) (n ϭ 7) . In 25 M CNQX, RFR showed a delayed and relatively sustained response, which is supposed to be mediated by NMDA receptors, which desensitize very slowly (Fig. 5B) . However, PPD remained unaffected (n ϭ 6). Here, we removed Mg 2ϩ from the Ringer's solution to enhance the NMDA-mediated reciprocal feedback. Together, these results demonstrate that PPD at the reciprocal synapse could not be attributed to either AMPA or NMDA receptor properties.
To further study the possible contribution of AMPA receptor desensitization to PPD, we applied glutamate focally in the presence of cyclothiazide, which is widely used to reduce AMPAreceptor desensitization (Matsui et al., 2001; Singer and Diamond, 2003) . As shown in Figure 6 , A (control) and B, in the presence of 50 M, cyclothiazide PPD still occurred. Note that the total feedback response was increased by cyclothiazide compared with control, indicating that it had an effect on the responses. However, PPD was not blocked by cyclothiazide. In fact, PPD was even more pronounced, probably because more GABAcontaining vesicles fused with the first glutamate puff and vesicle pool depletion was thus more severe. Even the simultaneous presence of both 50 M cyclothiazide and 50 M SR95531 could not abolish PPD (Fig. 6C) . A, The feedback responses (GABA currents) to 2 mM focal glutamate puffs were recorded from Mb bipolar cell terminals. The feedback response was depressed at 10 s. B, In the presence of 50 M SR95531 (GABA A blocker), the feedback response, which is mediated exclusively by nondesensitizing GABA C receptors, was increased and the paired-pulse (or puff) depression also increased. The total feedback response (black) was even larger than that without SR95531 (black trace in A), probably because of the disinhibition of amacrine cells. The response was completely recovered in 4 min (red trace). C, In the presence of 100 M picrotoxin, a small current (probably mediated by glutamate transporters) remained for the same paired-puff application. Recordings in A-C were obtained from the same terminal. D, Pooled data from six terminals. Error bars are ϮSE. ***p Ͻ 0.001; **p Ͻ 0.01. PTX, Picrotoxin. E, In the presence of 25 M SR95531, the nondesensitizing synaptic GABA C -mediated RFR showed depression at 10 s.
We also performed experiments with similar results with the synaptic evoked RFR. In Figure 7 , A and B, we show that synaptic PPD of RFR remained either with 50 M cyclothiazide (n ϭ 6 terminals) or with both 50 M cyclothiazide and 25 M SR95531 (n ϭ 5 terminals). These results further confirmed that neither AMPA receptor desensitization nor GABA A receptor desensitization is necessary to induce PPD at a 10 s interpulse interval.
We next checked whether calcium-permeable AMPA receptors contribute to RFR. With 50 M D-AP-5 blocking the NMDAmediated sustained component of RFR, leaving only an isolated AMPA-mediated transient RFR, we observed that 1 M philanthotoxin (a specific calcium-permeable AMPA receptor blocker) (Chavez et al., 2006) did not block the GABAergic RFR (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) (n ϭ 4 terminals) after 4 -5 min of application of the toxin. In contrast to rat retina (Chavez et al., 2006) , we thus conclude that in goldfish retina the Mb-type bipolar cell terminal reciprocal GABAergic response is not mediated by calciumpermeable AMPA receptors sensitive to 1 M philanthotoxin. However, we note that prolonged synaptic activity and longer applications may be necessary to see a complete block of calciumpermeable AMPA receptors with philanthotoxin (Tó th and McBain, 1998) . Given the sometimes rapid rundown of capacitance jumps during whole-cell recordings of Mb-type bipolar cell terminals, prolonged applications of philanthotoxin are technically not feasible on a routine basis. Future experiments with the perforated patch mode of recording may be able to address this issue in a more definitive manner.
Finally, we note that calcium current inactivation in nerve terminals may also contribute to short-term depression (von Gersdorff and Matthews, 1996) . However, paired recordings of cultured amacrine cells reveal that presynaptic calcium current inactivation is minimal during a depolarization that causes significant depletion of the readily releasable pool of GABAergic vesicles (Gleason et al., 1994) .
Discussion
Short-term forms of plasticity such as paired-pulse depression occur at both excitatory and inhibitory synapses and can be mediated by multiple mechanisms. Here, we studied simultaneously the short-term plasticity of two separate synapses that are connected in a reciprocal manner by making recordings directly from a single Mb-type bipolar cell terminal embedded in a retinal slice.
In situ GABAergic synapses display paired-pulse depression
Because excitatory synapses and inhibitory feedback synapses are interacting with each other at these reciprocal synapses their, state of facilitation and/or depression depends on their mutual past history. The synapse between bipolar cell terminals and amacrine cells is a ribbon-type glutamatergic excitatory synapse that displays PPD (von Gersdorff and Matthews, 1997; Gomis et al., 1999; Singer and Diamond, 2006) . Here, we determined that the feedback GABAergic synaptic input to bipolar cells also displays PPD (Fig. 2) . We have done this by showing that after a 10 s interpulse interval, the two excitatory 100 ms pulses produce identical ⌬C m jumps (recovery of ⌬C m has a fast ϭ 2 s), but the resulting evoked GABAergic RFR still displays PPD (Fig. 2 B) . We found that for paired-pulse stimuli, this disynaptic connection was depressed for up to 1 min, and it recovered from depression with a ϭ 12.2 s (Fig. 2 D) . Additional analysis of experiments that tested the role of GABA A and AMPA receptor desensitization, and of experiments that used nondesensitizing GABA C and slowly desensitizing NMDA receptors, strongly suggests that this PPD is mainly caused by the depletion of a pool of GABAcontaining vesicles in amacrine cells. Furthermore, we suggest that the rate of replenishment of this pool is relatively slow ( ϭ 12.2 s). However, we note that desensitization of GABA A receptors on bipolar cell terminals may also contribute to some forms of synaptic depression if GABA is present in the synaptic cleft for prolonged periods of time at high concentrations (Fig. 3 A, B) . Ringer's solution, the RFR was delayed and increased (NMDA receptors were relieved from Mg 2ϩ blockade), but this did not block the PPD at 10 s. C, The pooled data of PPD at 10 s shows that PPD did not change under these conditions (error bars are ϮSE).
Recovery from depression at ribbon-type synapses
The high rates of sensory information that needs to be continuously and faithfully transmitted by the retina may have promoted the evolution of a specialized synaptic ribbon-type active zone. Ribbon synapses, compared with conventional synapses, are thought to be specialized for the continuous release of neurotransmitter. They are located in the first order sensory synapses of cochlea hair cells and retinal photoreceptors, as well as in secondorder retinal bipolar cells. In acutely isolated goldfish Mb-type bipolar cell terminals, a 250 ms depolarization to 0 mV depletes a readily releasable pool of synaptic vesicles, which recovers with ϭ 8 s (von Gersdorff and Matthews, 1997) , and this recovery can be accelerated by elevated [Ca 2ϩ ] i (Gomis et al., 1999) . For axotomized bipolar cell terminals in slices, ⌬C m jumps induced by short 2 ms depolarizations recovered fully with a doubleexponential time course ( fast ϭ 1.0 s and slow ϭ 11.8 s) (Palmer et al., 2003a) . Here, we show that ⌬C m recovered with a ϭ 2 s for 100 ms depolarizations. Similarly, using paired recordings between rat rod bipolar cells and AII amacrine cells, Singer and Diamond (2006) found that paired-pulse depression of EPSCs has a mean recovery time constant that varied slightly with stimulus protocol ( ϭ 2.6 or 3.9 s). This short-term form of synaptic depression is thus present in rat and goldfish retinal bipolar cell synapses.
At conventional synapses, the readily releasable pool of vesicles can be depleted even after a very short train of action potentials and recovery can take several seconds (Regehr and Stevens, 2001 ). Here, we showed for a reciprocal synapse, which included both synaptic ribbon-aided release of glutamate and conventional active zone release of GABA, that PPD of GABA release is primarily attributable to the slow recovery of GABA-containing synaptic vesicle pools, whereas glutamate-containing vesicle pools recover much more quickly. Differences in the recovery rates of excitatory and inhibitory synapses that are linked in a microcircuit can have interesting consequences (Kirischuk et al., 2002) . For example, in the hippocampus, differences in short-term plasticity at excitatory and feedforward inhibitory synapses can determine the degree of synaptic gain that enhances the transmission of burst-like impulses (Klyachko and Stevens, 2006) . So the interplay of excitatory and inhibitory synapses can form a dynamic filter that selects for certain frequencies of action potentials. Within our reciprocal synapse, inhibitory GABAergic inputs may reduce the amount of initial glutamate release so that a subsequent depolarization of the bipolar cell can trigger more release of glutamate. Amacrine cells may thus protect the bipolar cell terminal from premature vesicle pool depletion after a strong stimulus or during prolonged depolarizations . This reduction in bipolar cell vesicle pool depletion may allow ganglion cells to better follow highfrequency light stimuli, improving the time resolution of visual perception and contributing to the detection of moving objects.
Recovery from desensitization: AMPA and GABA A receptors
Glutamate and/or GABA receptor desensitization is another possible mechanism for PPD. Indeed, AMPA receptor desensitization has been shown to contribute to PPD at retinogeniculate synapses in mouse (Chen et al., 2002) . However, at our retinal reciprocal synapse, blockade of AMPA receptors with cyclothiazide left PPD unchanged, suggesting AMPA desensitization does not contribute to short-term plasticity. Accordingly, reciprocal synapses mediated solely by nondesensitizing GABA C receptors and NMDA receptors still displayed PPD (Fig. 7B) . In rat retina, PPD of rod bipolar cells is also not caused by AMPA receptor desensitization . Likewise, pairedpulse depression in rod and cone photoreceptors is not influenced by glutamate receptor desensitization (Rabl et al., 2006) . The complete recovery of GABA A receptors from desensitization induced by brief pulses can take several hundred milliseconds to seconds (Jones and Westbrook, 1996) . Our study shows that in situ GABA A receptors in outside-out patches excised from bipolar cell terminals recover from desensitization at a relatively fast rate for a brief 5 ms preapplication of 10 mM GABA (Fig. 3D) . In fact, the synaptically released GABA concentration transients at each of the 350 GABA synapses on the goldfish Mb bipolar cell terminal is expected to individually last ϳ1 ms (Jones and Westbrook, 1996) . So this fast recovery also suggests that desensitization of GABA A receptors is not involved in synaptic PPD. However, recovery becomes slower with a longer preapplication of GABA. Even assuming that synaptic GABA reaches constant levels of 10 mM for 100 ms (which surely does not occur physiologically at the synaptic cleft), recovery from desensitization is much faster (Fig. 3C ) (81% recovered by 10 s) than recovery from depression (40% recovered by 10 s). Only after a prolonged application (5 s) that fully desensitizes the GABA A receptors do we reach recovery times comparable with those for synaptic PPD (i.e., ϭ 11.9 s for desensitization vs ϭ 12.2 for PPD) (Figs. 2 D,  3B) . Thus, under our conditions of paired-pulse stimuli (100 ms), it is very unlikely that GABA A receptor desensitization will contribute to PPD at 10 s. 
Visual adaptation and short-term depression
The vertebrate retina does not work like a passive camera that captures and transmits images. Within seconds, the retina is capable of adapting to the statistical changes of visual images, both spatially and temporally. These adaptations are probably achieved in part through plastic changes at the synaptic level. In a previous study, we showed that the GABAergic responses can be enhanced for up to 10 min after a strong and prolonged bipolar cell depolarization . Here, at the same synapse, we provided evidence suggesting that GABAergic responses can be depressed for up to 1 min after a 100 ms depolarizing pulse. Both the previous long-term enhancement and the PPD in the present study may thus help to implement different adaptational changes of visual information processing in the retina, and, in combination, both can make the retina even more versatile for visual information processing.
Frequency-dependent short-term depression promotes neuronal firing in response to sudden changes in presynaptic firing rate (Abbott et al., 1997) . Short-term depression is thus a plausible mechanism for mediating part of the contrast adaptation in the neural circuits of the inner retina. Moreover, the timescale of recovery from slow contrast adaptation is ϳ5-20 s (Baccus and Meister, 2002) and is independent of GABAergic inhibition (Manookin and Demb, 2006) . This matches the time scale of recovery of EPSCs and ⌬C m jumps from short-term PPD (see above; ϭ 2-12 s). Finally, we note that the microcircuits of the IPL also play a crucial role in several other aspects of vision, including determining bipolar cell light sensitivity (Euler and Masland, 2000) , changing ganglion cell and amacrine cell receptive fields (Cook and McReynolds, 1998; Völgyi et al., 2002; Lukasiewicz et al., 2004) , truncating ganglion cell light responses (Nirenberg and Meister, 1997; Roska et al., 1998) , modulating the dynamic range of ganglion cell output (Sagdullaev et al., 2006) , and segregating object and background motion (Ö lveczky et al., 2003) . Detailed studies of the properties of different IPL synapses will thus be needed for a better understanding of signal processing and neuronal coding in the retina. . Synaptic AMPA receptor or GABA A receptor desensitization is not involved in PPD of RFR at 10 s. A, The synaptic PPD of RFR at 10 s was not blocked by 50 M cyclothiazide (n ϭ 6). B, Synaptic PPD of RFR at 10 s was also not blocked by the presence of both 50 M cyclothiazide and 50 M SR95531 (n ϭ 5). Notice that for both cases in A and B, ⌬C m at 10 s fully recovered to the prepulse level. CTZ, Cyclothiazide.
